Aim To explore whether volumetric acquisition of histogram analysis of apparent diffusion coefficient (ADC) maps could quantify liver fibrosis stages. Materials and methods 84 patients underwent MRI exams including DWI before surgery or liver biopsy were included. Histogram analysis of whole liver ADC maps were performed and parameters including ADC mean, ADC median, ADC skewness, ADC kurtosis, ADC standard deviation (SD), ADC 5th, 10th, 25th, 75th, 90th and 95th percentiles were calculated. The correlations between different histopathologic grades and histogram analysis parameters were determined. For the significant parameters, receiver operating characteristics (ROC) analyses were further established to evaluate the potential diagnostic performance for differentiating liver fibrosis stages. Results The ADC mean and ADC median, ADC SD, ADC5th, 10th, 25th, 75th, 90th and 95th percentile were significantly lower with the increasing grade of liver fibrosis (rho: from − 0.580 to − 0.230). ADC skewness and ADC kurtosis were significantly higher with the increasing grade of liver fibrosis (rho: 0.243, 0.347, respectively). Areas under the ROC curve (AUC) of ADC mean and ADC 75th percentile for identification liver fibrosis (F1-F4), moderate to advanced liver fibrosis (F2-F4), advanced liver fibrosis (F3-F4), cirrhosis (F4) were 0. 87, 0.83, 0.82, 0.76 and 0.88, 0.82, 0.80, 0.74, respectively. Conclusion Histogram analysis of volumetric acquisition of liver ADC maps has a potential value for quantifying liver fibrosis grades.
Introduction
Liver fibrosis is a vital healing process in repetitive chronic liver injury and is characterized by the accumulation of extracellular matrix proteins in chronic liver diseases (CLDs) [1, 2] . Substantial evidence originated from previous studies has demonstrated that successful treatment could reverse fibrosis [3, 4] . Since cirrhosis might increase the risk of hepatocellular carcinoma (HCC) and cause serious complications such as esophageal varices leading to death [5] , early and accurate evaluating the severity of liver fibrosis would be beneficial for clinical treatment decision.
Liver biopsy has been considered as the "gold standard" for grading liver fibrosis, but as an invasive method, it has inherent complications. In addition, liver biopsy is limited by inevitable sampling errors, inter-observers variability, and low patients' acceptance [6] . Nowadays, the development of advanced imaging techniques makes the non-invasive evaluation of liver fibrosis a reality [7] [8] [9] [10] .
Diffusion-weighted imaging (DWI) is a functional magnetic resonance imaging (MRI) technique measures the diffusion of water molecules driven by their internal thermal energy in a tissue and quantifies the water diffusion process with the apparent diffusion coefficient (ADC) [11, 12] . Several studies had shown that ADC value was significantly lower in fibrotic and cirrhotic livers compared with normal livers [13] [14] [15] . Contradictive studies found that mean ADC values could not be used for liver fibrosis staging accurately [16] . MR histogram is a new approach in hepatic texture analysis for depicting the distribution of signal intensity levels using acquired MR data, which can reflect the heterogeneity of pathologic changes. Previous study demonstrated that MR histogram analysis facilitated detection and staging of liver fibrosis in susceptibilityweighted MRI (SWI), gadoxetic acid-enhanced MRI and conventional DWI [17] [18] [19] [20] . Thus, we aimed to evaluate whether histogram analysis of volumetric liver ADC maps could quantify liver fibrosis stages.
Materials and methods

Patients
The Institutional Review Board of our hospital approved the retrospective study and waived informed consent. We included the patients who underwent MRI exams including DWI before surgery or liver biopsy in our hospital from January 2014 to September 2015. The inclusion criteria were as follows: (a) histopathologically confirmed liver fibrosis stages with partial hepatectomy conducted to treat liver focal lesions or liver biopsy; (b) availability of preoperative the same 3.0T MRI scanner (including DWI sequence) within 15 days before hepatectomy or liver biopsy; (c) patients without prior treatments (e.g., partial hepatectomy, splenectomy, transarterial chemoembolization, radiofrequency ablation, or radiation therapy); (d) patients without fatty liver in histopathology by liver biopsy or hepatectomy. (e) Sufficient imaging quality to measure the ADC values. We excluded patients if (1) their ADC maps had insufficient quality due to severe artifacts (n = 5); (2) the number of focal leison more than one (n = 6); (3) the focal lesion was too large (more than 5 cm) (n = 6); finally, 84 patients (63 male, 21 female, mean age ± standard deviation 50.1 ± 10.7 years; range 22-78 years) defined with documented pathologic fibrosis stages (classified according to the METAVIR system) were included. Only one patient was submitted to liver biopsy, the others had surgery.
MRI acquisition
The patients were fasting for 4 h, and received respiratory training before MRI exam. All MRI exams were performed on a 3T MR scanner (MAGNETOM Verio, Siemens Healthcare, Erlangen, Germany). MRI protocols before DWI included fat-suppression 2D T2-weighted axial fast-spin echo sequence (TR/TE, 4000/78 ms), and T1-weighted with fast low-angle (70°) shot sequence (TR/TE, 140/2.5 ms). For dynamic contrast imaging (TR/TE, 4/1.4 ms), gadopentetate dimeglumine (Magnevist, Bayer Healthcare) was injected after a 20 mL saline flush (Spectris, Medrad). Hepatic arterial, portal, and equilibrium phase images were obtained at 25, 60, and 180 s after contrast-median administration, respectively. The parameters of the free-breathing spin-echo EPI DWI sequence are: TR = 3400 ms, TE = 70 ms, b = 0, 500 s/mm 2 , FOV = 400 × 312 mm 2 , scan matrix = 128 × 80, slice thickness = 6 mm, averages = 4, transversal orientation with coverage of whole liver, total scan time = 65 s. ADC maps were automatically generated by the system after the acquisition was completed.
Histogram analyses
Histogram analyses of ADC maps were performed on a prototype software (MR OncoTreat, Siemens Healthcare, Erlangen, Germany). The qualitative analysis was performed by a single radiologist (Zhaoxia, Yang with more than 2 years abdominal imaging experience) who was blinded to pathologic liver fibrosis stages and was initially trained before the qualitative evaluation. The post-processing steps included semi-automatic 3D liver segmentation and parametric evaluation. The radiologist manually painted the foreground seed-points covering the whole liver parenchyma on axial and multiplaner reconstruction imagings followed by segmentation, avoiding main blood vessels, bile ducts and focal lesions (metastases and other focal liver lesions) and background see-points around the liver, then run the segmentation (Fig. 1a) . When painted seed-points, T1-weighted, T2 Weighted, DWI and contrast imagings were referred. The final results of segmentation could be corrected by adjusting the seed-point if necessary. Finally, the volumetric histogram data of ADC maps was generated. Quantitative histogram parameters including mean, median, skewness, kurtosis, standard deviation (SD), 5th, 10th, 25th, 75th, 90th and 95th percentiles were calculated (Fig. 1b) .
Pathological analysis
All patients got pathological specimens for the resection of liver focal lesions or liver biopsy. All pathological specimens were reviewed by a pathologist (with more than 15 years of experience in liver pathology). The fibrosis stage ("F" grade) were evaluated using the METAVIR scoring system. The degree of fibrosis was assessed using a scale ranging from 0 to 4: F0 = no fibrosis; F1 = periportal fibrosis; F2 = periportal fibrosis with few septae; F3 = septal fibrosis; and F4 = cirrhosis [21] .
Statistical analysis
We used SPSS software (19.0, IBM Corp.) and MedCalc (MedCalc for Windows, ver.11.5.0.0, www.medca lc.be) to perform all statistical analyses. The correlation between different histopathologic grades and histogram analysis parameters was determined through nonparametric Spearman correlation coefficients. For the most significant parameters, a comparison of them of the groups were calculated using the Student's t test or Mann-Whitney U test. Receiver operating characteristics (ROC) analyses was further established to evaluate the potential diagnostic performance for differentiating liver fibrosis stages. A p value of < 0.05 was considered significant.
Results
Patient baseline characteristics
Patients' characteristics were showed in Table 1 . In the study, the number of patients in each pathological fibrosis grade was 12, 11, 11, 18, 32 for F0, F1, F2, F3, F4 (META-VIR system), respectively. One of patients was suffered autoimmune hepatitis by liver biopsy, others had hepatectomy for focal liver lesions. Among these 83 patients, the underlying indications for surgery were hepatocellular carcinoma (n = 68), cholangiocellular carcinoma (n = 7), mixed hepatocellular and cholangiocellular carcinoma (n = 2), hepatic cyst (n = 2), hepatic hemangioma (n = 2), hepatic sarcoma 
(n = 1), neuroendocrine carcinoma (n = 1). The most common etiologies of liver disease were hepatitis B (n = 78), one had hepatitis B and hepatitis E, one suffered from autoimmune hepatitis, four had no chronic liver diseases. The Child-Pugh classification score of all patients were A before hepatectomy or liver biopsy.
Histogram and fibrosis grades
Histogram analysis of ADC maps were demonstrated in Tables 2 and 3 . The ADC mean and ADC 75th percentile were significantly lower with the increasing grade of liver fibrosis (p < 0.0001, ρ = − 0.580 for mean and p < 0.0001, ρ = − 0.552 for 75th percentile; respectively). ADC Median, ADC standard deviation (SD), ADC 5th, 10th, 25th, 90th and 95th percentile also showed statistical differences among pathological fibrosis grades with p = 0.0351 to p < 0.0001, ρ value from − 0.550 to − 0.230. ADC Skewness and ADC kurtosis were significantly higher with the increasing grade of liver fibrosis (p = 0.0260, ρ = 0.243 for skewness, p = 0.0012, ρ = 0.347 for kurtosis; respectively).
Diagnostic performance
Areas under the ROC curve of ADC mean for identification liver fibrosis (F1-F4), moderate to advanced liver fibrosis (F2-F4), advanced liver fibrosis (F3-F4), cirrhosis (F4) were 0.87, 0.83, 0.82, 0.76, respectively; Areas under the ROC curve of ADC 75th percentile for identification liver fibrosis (F1-F4), moderate to advanced liver fibrosis (F2-F4), advanced liver fibrosis (F3-F4), cirrhosis (F4) were 0.88, 0.82, 0.80, 0.74, respectively. For the most significant parameters mean and 75th percentile, the boxplot were also drawn (Figs. 2, 3 ).
Discussion
Diffusion weighted imaging as the only specific functional magnetic resonance imaging (MRI) technique could reflect the movement of water molecules in living tissue. Nowadays it is widely available and easy to perform. In theory, the diffusion of water molecules and the blood flow would be restricted due to the extracellular accumulation of collagens, proteoglycans and other macromolecules with liver fibrosis, as a result, ADC values will be lower in fibrotic and cirrhotic livers compared with normal livers [15] . In our study, the ADC mean was significantly lower with the increasing grade of liver fibrosis, which was consistent with the former study [14, 15, 20] . Furthermore, the ADC mean demonstrated the strongest correlation compared with other histogram parameters. The cumulative frequency distributions, Nth percentile means the point at which N% of the voxel values that form the histogram are found to the left. The median equals to the 50th percentile. In the study, the Nth (n = 5, 10, 25, 50, 75, 90, 95) percentiles of ADC were significantly lower with the increasing grade of liver fibrosis. The 75th percentile showed the second stronger correlation among all parameters. The 75th percentile is a measure indicating the value below which 75% of the signal intensity within the study group falls, i.e., the maximum values of the histograms are excluded. These 25% maximum values may represent high signal intensity from artifacts. Exclusion of these 25% maximum values may lead to ADC data more representative of the actual pathologic characteristics of the liver parenchyma itself. Ruo-Fan Sheng et al. also found that 75th percentile of ADC map demonstrated significant correlation with fibrosis stage (p = 0.008), but the ADC mean had no correlation (p = 0.124) in rats [22] . The ADC standard deviation (SD) demonstrated statistical differences among pathological fibrosis grades (p = 0.0351, ρ = − 0.230). SD is a measure of the variation from the mean value and becomes greater when the image is more heterogeneous. We hypothesized that as liver fibrosis grade increased, the liver parenchyma became more heterogeneous. Jin-Young Choi et al. [17] showed there was no statistically significant differences in SD between normal liver function (NLF) group and cirrhotic groups (p = 0.307), but they did not strictly take the histopathologic results as a standard reference. In addition, the difference of acquisition techniques and the post-processing software might affect the result. Honsoul Kim et al. [18] reported that the correct coefficient of variation (cCV) of histograms of the hepatobiliary phase of gadoxetic acid-enhanced MRI demonstrated statistically significant differences among different pathologic fibrosis grades (p < 0.001). ZX Yang et al. showed that variance for susceptibility-weighted imaging (SWI) with TE = 10 ms could be helpful for identifying advanced liver fibrosis or cirrhotic liver [19] . Our study demonstrated SD had a relative poor correlation with liver fibrosis grades, one possible reason may be that ADC maps have an inherent low image resolution.
ADC Skewness and ADC kurtosis describe the shape of the histogram representing the asymmetry and peak within the region of interest [23] . A positive skewness value indicates a histogram with a long tail to the right and a symmetric distribution has a skewness value of zero. A positive kurtosis value indicates a histogram is more peaked than a normal distribution and a symmetric distribution has a kurtosis value of zero [23, 24] . Jiraetal et al. reported kurtosis and skewness were discriminative features for assessing cirrhosis according to Child-Pugh scores in T2-weighted imaging texture analysis [25] . In this study, skewness and kurtosis have a positive correlation with liver fibrosis stages, but the correlation was not notable, which may be related to small sizes of low fibrosis grade and low resolution of ADC maps.
Nowadays, several new methods including magnetic resonance elastography (MRE), perfusion, and gadoxetic acid-enhanced MRI, are increasingly being used to assess liver fibrosis, especially in predicting the severity of liver fibrosis [7] [8] [9] [10] 26] . MRE was more accurate than DWI for the detection and stratification of liver fibrosis in chronic hepatitis B (CHB) patients [27] , however, MRE had several confounders such as concomitant liver steatosis, iron deposition, also MRE requires the use of expensive equipment and additional hardware [28, 29] . Challenges for perfusion MRI of the liver including breathing motion, lack of standardized measurement, and some significant postprocessing is required for quantitative parameter analysis [26] . Gadoxetic acid-enhanced MRI should be used cautiously in patients with kidney insufficiency [30] .
One major limitation of our study is that it was a retrospective study, sampling bias was difficult to avoid. Second, only b values of 0 and 500 s/mm 2 were acquired to generate the ADC map. We used b values of 500, which is the midrange and suitable for abdominal imaging. The choice of b values is variable across institutions, therefore, the ADC values may not be comparable through various centers. However, a meta-regression analyses revealed that the number of b values did not statistically significantly correlate with the diagnostic performances of DWI in the staging of liver fibrosis [31] . Furthermore, one study showed the performance at b = 500 s/mm 2 was significantly better than b = 1000 s/mm 2 for determining cirrhosis or bridging fibrosis [32] . Third, the sample sizes for F0, F1, F2, and F3 were relatively small, which might influence the reliability of our study. Fourth, measurements were only performed by a single radiologist, which does not account for interobserver variations.
In conclusion, histogram analysis of whole-liver ADC maps has a potential value for quantifying liver fibrosis grades.
